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Abstract
Growing evidence indicates that the atmospheric and oceanic circulation experiences a systematic poleward shift in a warm-
ing climate. However, the complexity of the climate system, including the coupling between the ocean and the atmosphere, 
natural climate variability and land-sea distribution, tends to obfuscate the causal mechanism underlying the circulation 
shift. Here, using an idealised coupled aqua-planet model, we explore the mechanism of the shifting circulation, by isolating 
the contributing factors from the direct CO

2
 forcing, the indirect ocean surface warming, and the wind-stress feedback from 

the ocean dynamics. We find that, in contrast to the direct CO
2
 forcing, ocean surface warming, in particular an enhanced 

subtropical ocean warming, plays an important role in driving the circulation shift. This enhanced subtropical ocean warming 
emerges from the background Ekman convergence of surface anomalous heat in the absence of the ocean dynamical change. 
It expands the tropical warm water zone, causes a poleward shift of the mid-latitude temperature gradient, hence forces a 
corresponding shift in the atmospheric circulation and the associated wind pattern. The shift in wind, in turn drives a shift 
in the ocean circulation. Our simulations, despite being idealised, capture the main features of the observed climate changes, 
for example, the enhanced subtropical ocean warming, poleward shift of the patterns of near-surface wind, sea level pressure, 
storm tracks, precipitation and large-scale ocean circulation, implying that increase in greenhouse gas concentrations not 
only raises the temperature, but can also systematically shift the climate zones poleward.
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1 Introduction

An increasing amount of evidence suggests that the atmos-
pheric and oceanic circulation is shifting towards the poles 
under climate change (Thompson et al. 2000; Marshall 2003; 
Fu et al. 2006; Hu and Fu 2007; Lu et al. 2007; Seidel et al. 
2008; Screen et al. 2018). For example, poleward migration 
of the patterns of storm tracks (Yin 2005), winds (Thomp-
son et al. 2000; Chen et al. 2008), jet streams (Archer and 
Caldeira 2008), precipitation (Scheff and Frierson 2012), 
tropical cyclones (Kossin et al. 2014), atmospheric frontal 
activity (Rudeva and Simmonds 2015), cloud (Norris et al. 
2016), atmospheric rivers (Ma et al. 2020) and large-scale 

ocean circulation (Wu et al. 2012; Yang et al. 2016b, 2020a; 
Wu et al. 2021) have been identified based on various obser-
vations and climate simulations. These climate pattern shifts 
redistribute the natural resources, such as water, vegetation 
and the related ecosystems, thus having broad implica-
tions for our societies (Heffernan 2016). Understanding the 
underlying causes does not only help us to understand why 
it happens, but also serve to better predict and boost our 
confidence in the global warming induced climate changes.

In the past decades, numerous investigations have been 
carried out to decode the mechanisms (Staten et al. 2018; 
Shaw 2019). Early studies have been mainly focused on the 
atmospheric processes in driving the shift in the atmospheric 
circulation, concentrating on a specific topic named tropi-
cal expansion (Fu et al. 2006; Seidel et al. 2008; Chen et al. 
2008). Climate model simulations can reproduce the tropi-
cal expansion by changing the atmospheric concentration of 
greenhouse gases (Lu et al. 2007), ozone (Thompson et al. 
2011; Polvani et al. 2011), aerosols (Allen et al. 2012) or by 
introducing uniform sea surface temperature (SST) warming 
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(Chen et al. 2013). Some of these simulations are even with-
out involving changes in the ocean. However, observations 
imply that the spatial and temporal evolution of SST play a 
dominant role in driving the recent tropical expansion (Allen 
and Kovilakam 2017; Grise et al. 2019). And those SST 
variations were interpreted as a feature of fluctuations of 
the Pacific Decadal Oscillation, which is one of the internal 
climate variabilities. Therefore, growing number of studies 
suggest that the observed tropical expansion is more attribut-
able to the natural climate variability than the anthropogenic 
climate change. More recently, following the finding of shift-
ing large-scale ocean circulation, Yang et al. (2020a, 2020b) 
highlight that the entire atmospheric and oceanic circulation 
is moving towards the higher latitudes, which is not solely 

owing to natural climate variability. This is because that 
many of the observed climate trends, such as the patterns of 
sea level pressure (SLP), sea surface height (SSH) and near-
surface winds, well resemble the patterns obtained from the 
climate simulations forced by increasing greenhouse gases. 
Yang et al. (2020b) found that the meridional displacements 
of the atmospheric circulation are closely related to the dis-
placement of midlatitude meridional temperature gradients 
(MTG). They proposed that an enhanced subtropical ocean 
warming (Fig. 1a) with an oceanic origin contributes to a 
poleward advancing of the mid-latitude MTG, and drives 
the circulation shift.

Due to the coupled nature between the atmosphere and 
ocean, it is challenging to tease out the causality for the shift 

Fig. 1  a Observational sea surface temperature (SST) trend dur-
ing the satellite era (1982–2020). Relatively stronger ocean surface 
warming is found over almost all the western basins of the subtropical 
oceans, likely due to the background Ekman convergence of surface 
water. Result based on the NOAA Optimum Interpolation (OI) SST 
V2 dataset. The stippled area shows the subtropical convergence zone 
based on the field of near-surface wind stress curl from the ERA5 rea-
nalysis (1982-2020). The right panel presents the zonal mean values 

of the SST trend. b Similar to Fig.  1a, but for SST anomaly in the 
last 40 years of the aqua-planet C1 global warming experiment with 
respect to the last 140 years of the C0 control experiment. Unlike 
the zonally symmetric enhanced subtropical ocean warming in the 
aqua-planet simulation, the observational enhanced subtropical ocean 
warming concentrates more towards the western ocean basins, where 
the centers of the subtropical gyres locate
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of the large-scale circulation. Several questions still remain 
to be answered. For example, does the shift in the atmos-
phere circulation drive the shift in the ocean circulation, 
or vice versa? Could the forced climate change generate an 
enhanced subtropical ocean warming, so that it can serve as 
an independent forcing mechanism for the shift of the atmos-
pheric circulation? To provide insight on these questions, we 
consider a simplified ocean-atmosphere coupled aqua-planet 
framework, without asymmetric land-sea distribution, sea 
ice and deep ocean circulation. Within the framework, we 
manipulate the configurations of the forcing so as to isolate 
the impacts of the direct radiative forcing from increasing 
greenhouse gases (in our experiments, greenhouse gases 
refer to only CO

2
 ) and the indirect one through SST warm-

ing. Additionally, by specifying the wind stress seen by the 
ocean, we further isolate the circulation response without 
the wind-stress feedback from the ocean adjustment. This 
idealised approach allows us to partition the full circulation 
response into different mechanisms in a quantitative manner, 
so as to pinpoint the leading cause for the circulation shifts 
in both ocean and atmosphere.

2  Experiments and methodology

2.1  Experiment design

We used a coupled aqua-planet setup of the Alfred Wegener 
Institute Earth System Model (AWI-ESM, Sidorenko et al. 
(2015); Rackow et al. (2018); Sidorenko et al. (2019)), in 
which the Earth is covered by ocean, except the region 
higher than 85◦ latitude (Fig. S1). The two islands at both 
poles are needed to avoid pole singularity in the ocean 
model. The atmospheric component is ECHAM6 (Stevens 
et al. 2013) with a horizontal resolution of 3.75◦ (T31 grid). 
The coupled ocean component is FESOM1.4 (Wang et al. 
2014) with a resolution of approximately 2.5◦ . The atmos-
phere has 47 vertical layers, and the ocean has 7 layers and 
a uniform shallow water depth of 100 meters. The shallow 
ocean setup well mimics the main structure of the wind-
driven ocean circulation (Fig. 2 and S2). The configuration 
of Earth’s orbital parameters and the related distribution of 
solar radiation is kept the same as the real-world configura-
tion, including both diurnal and seasonal cycles. This allows 
the model to capture the high-frequency variability of the 
baroclinic systems, which are important for the meridional 
transports of heat, moisture and momentum (Rudeva et al. 
2019; Lin et al. 2020). The ocean-atmosphere coupling time 
step is set to be one hour.

We perform two simulations using the fully coupled 
AWI-ESM, i.e., a control experiment (i.e., C0) and a global 
warming experiment (i.e., C1). The control simulation 
(C0) is integrated for 640 years with the pre-industrial CO

2
 

configuration (i.e., 284 ppmv). The global warming simula-
tion (C1) is initialised from the 500th model year of the C0 
experiment and integrated for 140 years by increasing the 
concentration of CO

2
 linearly from 284 ppmv to 1284 ppmv 

within 100 years. Afterwards, the CO
2
 level is kept constant 

at the value of 1284 ppmv (Fig. 3). The hourly coupling 
fields of SST and near-surface wind stress from the C0 and 
C1 experiments are saved and used later in the partially cou-
pled simulations.

To quantify the contribution of CO
2
 and SST in driving 

the atmospheric circulation shift, we perform two partially 
coupled experiments, i.e., C1T0 and C0T1. In the C1T0 
experiment, we increase the CO

2
 as in the C1 global warm-

ing experiment, but replace the hourly coupling SST field in 
the atmosphere model with that from the control experiment 
(i.e., C0). Distinct from the C1T0 experiment, the C0T1 
experiment is integrated with the constant pre-industrial 
CO

2
 level, but the SST is replaced with that from the global 

warming experiment (i.e., C1).
To explore the dynamics of the systematic shift in cir-

culation, we carry out another three partially coupled 
simulations, i.e., C1W0, C0W1 and C0W0. In the C1W0 
experiment, we increase the CO

2
 as in the C1 global warm-

ing experiment, but the hourly coupling near-surface wind 
stress into the ocean model is replaced with that from the 
C0 control experiment. In contrast, the C0W1 experiment 
is integrated under the constant pre-industrial CO

2
 level, but 

with the winds replaced with that from the C1 global warm-
ing experiment, which contains a signal of poleward shift. 
As replacing wind stress itself could introduce a climate 
anomaly, we perform the third experiment, i.e., C0W0, as a 
reference control run for the partially coupled simulations. 
It runs under the constant pre-industrial CO

2
 configuration, 

with the wind taken from the C0 experiment. The 499th 
model year of the C0 experiment is used to initialise all these 
partially coupled experiments. Note that if the 500th model 
year of C0 experiment is used for initialisation, the C0W0 
result will be identical to that of the C0 experiment.

The last 40 years of the sensitivity experiments (i.e., C1, 
C1T0, C0T1, C0W1, C1W0) are used to compare with the 
140 years of the control experiments (i.e., C0 and C0W0). 
Table 1 summarises the above mentioned experiments.

2.2  Methodology

We use two metrics to quantify the meridional locations of 
the atmospheric and oceanic circulation. The location of the 
atmospheric circulation is obtained as the mean positions of 
the subtropical high and subpolar low SLP systems over both 
hemispheres. This is primarily based on the fact that the sub-
tropical high SLP systems locate at the boundary between 
the Hadley cell and the Ferrel cell, and the subpolar low SLP 
systems mark the confluence region of the Ferrel cell and the 
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Polar cell (Fig. 2). Here, the position of the subtropical high 
(subpolar low) SLP is defined as the latitude where the zonal 
mean SLP reaches the peak high (low) value.

Similarly, we track the location of the ocean circulation 
by calculating the mean meridional positions of the sub-
tropical high and subpolar low SSH, because the centers 
of the subtropical ocean gyres have relative high regional 
SSH, and the centers of the subpolar gyres are featured by 
relatively low regional SSH (Yang et al. 2020a). Here, the 

position of the subtropical high (or subpolar low) SSH is 
estimated as the latitude where the zonal mean SSH field 
peaks.

As our aqua-planet modelling framework is statistically 
zonally symmetric, our analysis focuses only on the zonal 
mean aspect of the response. To quantify the shifting cir-
culation with better spatial resolution, we interpolate the 
original zonal mean data onto a 0.01◦ resolution grid using 
spline interpolation before our analysis. Finally, it should be 

Table 1  List of aqua-planet simulations in this study

Experiment 
name

Initial condition Simulation 
years

Brief description

C0 Prescribed zonally constant climate fields 640 Pre-industrial control run, constant CO
2
 level at 284 ppmv.

C1. 500th year of the C0 experiment 140 Global warming run, linearly increase the CO
2
 from 284 ppmv to 

1284 ppmv within 100 years, keep it constant at 1284 ppmv level 
afterwards

C1T0 500th year of the C0 experiment 140 Increase CO
2
 as in C1, but replace the coupling SST from C0

C0T1 500th year of the C0 experiment 140 Keep CO
2
 constant as in C0, but replace the coupling SST from C1

C0W0 499th year of the C0 experiment 140 Partially coupled control run, keep CO
2
 constant as in C0, but replace 

the coupling winds from C0
C0W1 499th year of the C0 experiment 140 Keep CO

2
 constant as in C0, but replace the coupling winds from C1

C1W0 499th year of the C0 experiment 140 Increase CO
2
 as in C1, but replace the coupling winds from C0

Fig. 2  Climatological patterns 
of the atmospheric and oceanic 
circulation in the aqua-planet 
C0 control experiment. a 
Stream function of the atmos-
pheric overturning circula-
tion. Positive values represent 
clockwise flow, and negative 
values stand for anticlockwise 
flow. b Zonal mean sea level 
pressure (SLP). The subtropical 
high SLPs are associated with 
sinking branches of the Hadley 
cell and the Ferrel cell, while 
the subpolar low SLPs are asso-
ciated with the rising branches 
of the Ferrel cell and the Polar 
cell. c Zonal mean sea surface 
height (SSH). The subtropical 
high SSHs represent the centers 
of the real-world subtropical 
gyres, while the subpolar low 
SSHs denote the positions of 
the real-world subpolar gyres. d 
Stream function of the overturn-
ing circulation in the ocean. 
Positive values represent clock-
wise flow, and negative values 
stand for anticlockwise flow
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noted that our analysis is based on the annual mean result 
and the seasonality will not be discussed in this paper.

2.3  Observational data

Satellite-derived observational SST [from the NOAA OISST 
dataset (https:// www. esrl. noaa. gov/ psd/)] and SSH (from the 
AVISO altimetry (http:// www. aviso. altim etry. fr/ duacs/)) are 
used to validate our results from the idealised aqua-planet 
simulations. Besides, the atmospheric reanalysis dataset 
ERA5 (Hersbach et al. 2020) and the ocean reanalysis data-
set SODA2.2.0 (Carton and Giese 2008) are used as well 
to illustrate the structure of the atmospheric and oceanic 
circulation in the real world (Figs. S2 and S3).

3  Results

3.1  Poleward shift of atmospheric and oceanic 
circulation in a warming climate

Figures 2, 3 and 4 present the results of the fully coupled 
aqua-planet model simulations. As shown, the control exper-
iment (C0, blue lines) simulates a SST profile from 33 ◦ C 

near the equator to 5 ◦ C near the poles. There are easterly 
near-surface winds at lower latitudes and westerly winds 
around the mid-latitudes. The precipitation minus evapora-
tion (P–E) pattern illustrates large precipitation at the central 
tropics (i.e., the Inter Tropical Convergence Zone), and rela-
tively dry subtropics and wet mid-latitudes. The SLP profile 
shows subtropical high and subpolar low pressure systems, 
corresponding to the sinking branch of the Hadley cell and 
rising branch of the Ferrel cell, respectively. Regarding the 
ocean circulation, relatively high/low SSHs are found near 
the subtropical/subpolar regions, representing the meridional 
centers of the subtropical/subpolar ocean gyres in reality. In 
general, these features generated by our aqua-planet simu-
lation resemble the typical circulation structures shown in 
the observations (Fig. S2 and S3). It is worth noting that in 
our aqua-planet world, there is no polar sea ice due to low 
surface albedo and a relatively warm ocean near the poles. 
Previous aqua-planet model simulations also show a simi-
lar feature (Smith et al. 2006), likely owing to strong heat 
exchange between the low and high latitudes maintained by 
strong meridional overturning circulation in both ocean and 
atmosphere (see the comparison between Figs. 2 and S2). 
Owing to the high surface temperature around both poles 
and overall high effective heat capacity due to more ocean 
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Fig. 3  Meridional position of a atmospheric circulation and b oce-
anic circulation in the aqua-planet control (C0, blue lines) and global 
warming (C1, red lines) experiments. The position of the atmospheric 
circulation is calculated as the mean positions of the subtropical high 
and subpolar low SLP systems over both hemispheres. And the posi-
tion of the oceanic circulation is obtained as the mean meridional 
positions of the subtropical high and subpolar low SSHs (detailed 

definition can be found in Sect.  2.2). The solid lines represent the 
meridional position, and the dashed lines are the concentration of 
CO

2
 . The displacement of the atmospheric circulation is strongly 

coupled with that of the oceanic circulation. The correlation coeffi-
cients between them reach 0.82 and 0.95 in the C0 and C1 experi-
ments, respectively

https://www.esrl.noaa.gov/psd/
http://www.aviso.altimetry.fr/duacs/
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coverage than the real world (Lohmann 2020), the aqua-
planet global mean surface temperature (i.e., 21.3 ◦ C) is also 
higher than that in observations. Since there is no perma-
nent zonal temperature gradient, our aqua-planet world has 
no fluctuations of El Nino-Southern Oscillation or Pacific 
Decadal Oscillation.

Comparing with the control run (C0), the global warm-
ing experiment (C1) shows a weak polar amplification, 
despite the lack of sea ice-albedo feedback (Figs. 1b,  4b). 
Besides, an enhanced ocean warming is identified around 
the subtropical regions. Such pattern resembles the satellite 
observed SST trend as shown in Fig. 1a. We notice that the 

simulated SST anomalies are not hemisphere-symmetric. 
This is likely due to the asymmetric insolation caused 
by the Earth’s elliptical orbit (Earth’s perihelion occurs 
during the southern hemisphere summer). The enhanced 
subtropical ocean warming induces an anomalous upward 
ocean surface turbulent heat fluxes (i.e., sensible + latent 
heat fluxes, the main form of the ocean-atmosphere heat 
exchange (Yang et al. 2016a)) from the ocean to the atmos-
phere (Fig.  4d). Such anomalous subtropical heat flux has 
also been identified in the observations (Yang et al. 2019). 
The enhanced subtropical ocean warming, associated with 
strong upward oceanic heat flux, reduces/increases the 

Fig. 4  Comparison between experiments of global warming (C1) and 
pre-industrial (C0) showing a poleward shift of the atmospheric and 
oceanic circulation under warmer climate. a Meridional temperature 
gradient (MTG) anomaly (shading) in the C1 experiment with respect 
to the C0 control experiment. The contour lines provide the climato-
logical pattern of the MTG in the C0 experiment. Zonal mean b sea 
surface temperature (SST), c zonal component of 10-m near-surface 
wind (U10), d ocean surface turbulent heat flux (THF, i.e., sensible 
+ latent heat fluxes, positive-upward), e 850 hPa eddy kinetic energy 
(EKE) as indication of storm track, f precipitation minus evapora-
tion (P–E), g sea level pressure (SLP), h sea surface height (SSH). 
The blue lines show the value of the control experiment (C0), the red 

lines show the values from the global warming experiment (C1), the 
dashed black lines are the difference between the global warming and 
the control experiments (C1–C0). The texts in the last two sub-panels 
provide the magnitudes of the poleward shift in the atmospheric and 
oceanic circulation, respectively. The error bars represent the stand-
ard deviation of the natural variability of the meridional displacement 
of the atmospheric and oceanic circulation, respectively. These val-
ues are calculated based on the SLP and SSH fields, according to the 
definition introduced in Sect. 2.2. All results are based on the last 40 
years of the global warming experiment (C1) and 140 years of the 
control experiment (C0)
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MTG at equator/polar flanks of the climatological maxi-
mum MTG zone around the 20◦–40◦ latitude. This pro-
motes a poleward shift of the mid-latitude MTG and the 
associated baroclinic instability within the troposphere 
(Fig. 4a).

Apart from the changes in temperature and heat flux, 
under increasing CO

2
 forcing, the atmospheric and oceanic 

circulation experiences a gradually poleward shift of 2.64◦± 
0.65◦ and 2.57◦± 0.55◦ , respectively (Figs. 3, 4). Such shift 
is manifested in a systematic poleward migration of the pat-
terns of zonal winds (U10), storm track (EKE), precipitation 
minus evaporation (P–E), SLP and SSH (red lines in Fig. 4). 
These simulated shifts resemble the systematic shift in the 
atmospheric and oceanic circulation as illustrated by various 
observations and climate simulations (Fu et al. 2006; Chen 
et al. 2008; Archer and Caldeira 2008; Scheff and Frierson 
2012; Yang et al. 2020a).

3.2  Dominant role of SST in driving the shift 
in atmospheric circulation

Compared to the C0 control simulation, the atmospheric cir-
culation shift in the global warming experiment (C1) could 
be driven by two factors, i.e., rising CO

2
 concentration and 

changing SST. In the fully coupled system, the evolutions of 
these two factors occur synchronously. Therefore, it is dif-
ficult to discern which factor is more important in directly 
driving the displacement of the atmospheric circulation. To 
separate these two factors, we design two experiments here, 
i.e., C1T0 and C0T1 (see Sect. 2.1 and Fig. 5).

In the C1T0 experiment, the strong increase in CO
2
 

induces a 7.6 W∕m2 globally averaged radiation imbalance 
at the top of the atmosphere (not shown), with strongest 
longwave radiation anomaly found around 18◦ N/S owing to 
the background high outgoing longwave radiation as a result 
of relatively low coverage of cloud and water vapor (Fig. 6). 
This spatially ununiform radiation imbalance produces more 
heating around the subtropical latitudes, thus produces a 
dipole MTG anomaly within the troposphere, and forces a 
minor poleward shift of the mid-latitude MTGs (Fig. 5a). 
Under solely CO

2
 forcing, C1T0 experiment generates a 

minor poleward shift (0.28◦± 0.58◦ ) of the atmospheric cir-
culation (Fig. 5c). In contrast, without the CO

2
 forcing, the 

C0T1 experiment (Fig. 5b, d) obtains a pronounced shift in 
the MTGs and a strong poleward shift (2.61◦± 0.74◦ ) in the 
atmospheric circulation. Our results indicate that the shift 
of the atmospheric circulation is primarily driven by the 
fundamental change in the thermal condition of the under-
lying ocean, while the direct radiative effect of increasing 
CO

2
 contributes only marginally. Previous studies based 

on simulations with realistic land-sea configurations also 
showed a similar finding (Deser and Phillips 2009; Grise 
and Polvani 2014).

3.3  Dynamics of shifting atmospheric and oceanic 
circulation

Yang et al. (2020b) argued that the warming SST pattern, 
especially, the subtropical ocean warming plays a critical 

Fig. 5  Similar to Fig. 4, but for comparison between C1T0 (left col-
umn, i.e., a and c), C0T1 (right column, i.e., b and d) experiments 
and the C0 control experiment. a, b Meridional temperature gradient 
(MTG) anomaly (shading). The contour lines provide the climatologi-
cal pattern of the MTG in the C0 experiment. c, d Zonal mean SLP. 
The blue lines show the value of the control experiment (C0), the 
red lines show the values from the C1T0 and C0T1 experiments, the 

dashed black lines are the differences between the two experiments, 
i.e., C1T0–C0 and C0T1–C0. The poleward shifts of the atmospheric 
circulation in the C1T0 and C0T1 experiments are 0.28◦ and 2.61◦ in 
latitude, respectively. Here, we only show the changes in SLP patterns 
to indicate the shift in the atmospheric circulation. It should be noted 
that the other metrics, like the P–E, winds and storm track, have con-
sistent poleward shift as well
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role in driving the circulation shift. The subtropical ocean 
warming works to reduce the MTG over the lower latitudes, 
and increase it over the higher latitudes, thus promoting a 
poleward shift in the mid-latitude MTG. The coupled nature 
between the ocean and the atmosphere obfuscates the origin 
for the enhanced subtropical ocean warming. To disentan-
gle the causal dynamical processes, we further devise three 

partially coupled aqua-planet simulations: C1W0, C0W1, 
and C0W0 (see Sect. 2.1).

In the first experiment (namely the C1W0), we keep 
increasing the CO

2
 as the global warming experiment 

(i.e., C1), but using the hourly wind stress fields from 
the control experiment (i.e., C0) to force the ocean. Note 
that the wind forcing taken from the C0 experiment has 

Fig. 6  a Climatological profile of the zonal mean cloud coverage 
in the C0 control experiment. It shows relatively less cloud cover-
age around 18◦ N/S. b Comparison of outgoing longwave radiation 
between C1T0 and C0 experiment. The blue lines show the value of 
the control experiment (C0), the red lines show the values from the 
C1T0 experiment, the dashed black line is the difference between the 

two experiments, i.e., C1T0–C0. The background maximum outgo-
ing longwave radiation locates around 18◦ N/S due to low coverage of 
cloud. Under the forcing of increasing CO

2
 , more longwave radiation 

is absorbed approximately at the same latitudes where there is less 
cloud

Fig. 7  Similar to Fig. 4, but for results from the partially coupled C1W0 (a, c, e, g) and C0W1 (b, d, f, h) experiments with respect to the C0W0 
control experiment
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no signal of poleward shift. As shown in Fig.  7g, the 
C1W0 experiment does not show a shift in the SSH pat-
tern ( −0.07◦± 0.67◦ ), suggesting that the background 
ocean circulation has no significant shift once wind forc-
ing is fixed. Without a change in ocean circulation, we 
still find a pattern of enhanced subtropical ocean warm-
ing (Fig.  7c). This implies that the enhanced subtropical 
ocean warming pattern is independent of the ocean cir-
culation change, but generated by the background ocean 
circulation.

Driven by the wind stress curl associated with high SLP 
system, the subtropical ocean is featured by Ekman transport 
convergence of surface water (Ekman 1905). This conver-
gence does not only converge the surface water, but also 
collects the anomalous heat contained in the water due to 
climate warming. Therefore, the C1W0 experiment pro-
duces a relatively higher SST over the subtropical latitudes. 
This result is in agreement with the previous result from a 
standalone aqua-planet ocean model (Fig. 4d in Yang et al. 
2020b). Without a shift in the ocean circulation, the C1W0 
experiment reproduces a strong poleward shift (2.49◦± 
0.57◦ ) in the atmospheric circulation (Fig.  7e), with a shift 
magnitude similar to that in the C1 experiment (Fig. 4g). 
The poleward shift of the atmosphere circulation is consist-
ent with the strong poleward displacement of the mid-lati-
tude MTG within the troposphere, as seen in Fig. 7a. This 
displacement of the MTG is connected to the underlying 
ocean warming, especially the warming over the subtropical 
ocean (Fig. 7c).

To understand how the ocean circulation responds to a 
shift in the atmospheric circulation, we show the results 
from the C0W1 experiment. In this experiment, we keep 
the CO

2
 constant as the C0 control run, but replace the 

wind field from the C1 global warming experiment, which 
contains the signal of wind shift (Fig.  4c, red line). As 
shown in Fig. 7h, under forcing of shifting near-surface 
winds, the ocean circulation exhibits a significant pole-
ward shift (2.65◦± 0.54◦ ). Combining the results from 
the C0W1 and C1W0 experiments, we can conclude that 
rising CO

2
 does not directly affect the position of the 

ocean circulation. The displacement of the ocean circula-
tion is primarily driven by the shift in the atmospheric 
circulation.

Inspecting the C0W1 experiment, we find a minor 
(around 0.2 ◦ C) SST increase/decrease over the polar/equa-
tor flanks of subtropical latitudes (Fig. 7d). This is attributed 
to the shift in the surface ocean circulation, which trans-
ports more heat from the lower latitudes towards the higher 
latitudes. In response to such a SST anomaly, we observe 
a minor poleward shift (0.25◦± 0.58◦ ) of the atmospheric 
circulation (Fig.  7f) and a slight change in the mid-latitude 
MTG within the troposphere (Fig. 7b).

4  Discussions

Despite numerous studies during the past decades, there 
is still no consensus on the main mechanism driving the 
tropical expansion and the associated poleward shift in the 
atmospheric and oceanic circulation (Staten et al. 2018; 
Shaw 2019; Yang et al. 2020b). Even though climate model 
simulations can reproduce tropical expansion (or poleward 
shift of the atmospheric circulation) by introducing the forc-
ing of CO

2
 (Lu et al. 2007), ozone (Thompson et al. 2011; 

Polvani et al. 2011), or aerosols (Allen et al. 2012), observa-
tions show that tropical expansion is primarily related to the 
variations in SST (Allen and Kovilakam 2017; Grise et al. 
2019). Yang et al. (2020b) pointed out that the enhanced 
subtropical ocean warming plays a central role in driving 
the shift in the atmospheric circulation by modifying the 
shape of the MTG.

Following Yang et al. (2020b), in the present study we 
use simplified aqua-planet model simulations to demonstrate 
that, the direct radiative effect of CO

2
 is not a potent driver 

for the shift in the atmosphere circulation. Previously, Staten 
et al. (2012) also drew a similar conclusion by using a more 
comprehensive atmosphere model. We find that it is the indi-
rect effect of the CO

2
 forcing that generates the atmospheric 

circulation shift through ocean warming, especially that in 
the subtropics.

The fundamental driver of the atmospheric circulation is 
the equator-to-pole temperature gradient. Throughout our 
aqua-planet experiments, we find that the magnitude of the 
atmospheric circulation shift is closely related to the ampli-
tude of the meridional shift of the mid-latitude MTG within 
the troposphere. From the perspective of climatology, the 
maximum MTG with strong frontal activity is found at the 
subtropical to mid-latitude regions (Fig. 4a, e). On seasonal 
time scale, the MTGs is more poleward/equatorward located 
during boreal summer/winter, driving the seasonal displace-
ment of atmospheric and oceanic circulation for more than 
a thousand kilometers. Therefore, the shape of the equator-
to-pole temperature gradients largely controls the position 
of atmospheric circulation.

Under the CO
2
 forcing, we observe an enhanced subtropi-

cal ocean warming in our aqua-planet simulation (Fig. 1b). 
This enhanced subtropical ocean warming relies on the 
background ocean circulation, which transports adjacent 
anomalous ocean heat toward the subtropical regions. It 
reduces/increases the MTG over the equator/polar flank of 
subtropical ocean, therefore drives a shift in the position 
of the mid-latitude MTG and contributes to the shift of the 
atmospheric circulation (Fig. 4). The shift in the atmospheric 
circulation, in turn, forces a shift in the oceanic circulation, 
helping to further alter the ocean temperature. As a conse-
quence, in a fully coupled system, the enhanced subtropical 
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ocean warming is not centred over the subtropical region, 
but slightly further shifted toward the polar flank of the mean 
subtropical gyres (Fig. 1). Our aqua-planet simulations well 
capture the pattern of enhanced subtropical ocean warming, 
resembling that seen in the observations.

Previously, the dynamics of tropical expansion has also 
been investigated using aqua-planet models, often under pre-
scribed SST forcing (Williams and Bryan 2006; Frierson 
et al. 2007; Brayshaw et al. 2008; Chen et al. 2010, 2013; 
Shaw and Tan 2018). We suggest that the ocean dynamics 
are important for capturing the full mechanisms, especially, 
the enhanced subtropical ocean warming generated by mean 
ocean circulation. An enhanced subtropical ocean warming 
is an efficient way to drive the shift in the mid-latitude MTG, 
hence, the shift in the atmospheric circulation. Previously, 
by manipulating greenhouse warming at different latitudes, 
Shaw and Tan (2018) found that introducing CO

2
 around 

the subtropical regions produces the strongest shift in the 
atmospheric circulation, likely because the CO

2
 induces a 

warming over the subtropical region and thus a poleward 
shift in the mid-latitude MTG. For the same reason, model 
simulations forced by increasing black carbon aerosols and 
ozone (which have similar heating effect as greenhouse 
gases) over the mid-latitudes also produce a poleward shift 
in the atmospheric circulation (Allen et al. 2012; Kovilakam 
and Mahajan 2015). Interestingly, when the shift of atmos-
pheric circulation (or tropical expansion) first drew attention 
from the scientific community, it was based on the evidence 
of an enhanced warming over the subtropical troposphere 
(Fu et al. 2006). This enhanced warming may not only be a 
manifestation of expanding tropics, but probably also be a 
key mechanism for the tropical expansion. Our study sug-
gests that the enhanced subtropical warming is not due to 
atmosphere circulation changes, but has an oceanic origin, 
which relies on the background oceanic circulation.

The observed enhanced subtropical ocean warming pat-
tern (Fig. 1a) had previously been interpreted as a feature 
of negative phase of Pacific Decadal Oscillation (Allen and 
Kovilakam 2017; Grise et al. 2019). However, Yang et al. 
(2020b) noticed that this subtropical warming pattern exists 
also during periods of positive phase of Pacific Decadal 
Oscillation, and across all ocean basins. Our aqua-planet 
simulations, in the absence of fluctuations of Pacific Decadal 
Oscillation, show that under global warming, background 
Ekman transport convergence of subtropical surface water 
contributes to generating an enhanced subtropical ocean 
warming, similar to that seen in the observations. This hints 
that, apart from the swing of Pacific Decadal Oscillation, 
the observed enhanced subtropical ocean warming may 
partly arise from climate change. As the phase of Pacific 
Decadal Oscillation can flip sign, the part of the subtropical 
warming owing to the increasing greenhouse gases forcing 

is expected to keep growing in the coming decades, caus-
ing a long-standing poleward shift in the atmospheric and 
oceanic circulation.

Held (2000) proposed that the edge of the Hadley cell is 
determined by the latitude that angular-momentum conser-
vation continues polewards until the resulting vertical shears 
become baroclinically unstable. The baroclinic instability is 
the fundamental mechanism generating the eddies that domi-
nate the weather in the mid-latitudes. Expanding Hadley cell 
(or poleward shift of the atmosphere circulation) ties to a 
systematic poleward shift of the mid-latitude eddy activity 
(Fig. 4e), which relates to a poleward shift of the baroclinic-
ity (Yin 2005; Mbengue and Schneider 2018; Simmonds 
and Li 2021). Rudeva et al. (2019) found that changes in 
mid-latitude frontal activity (strong temperature gradients) 
lead those in the edge of the Hadley cell by approximately 
one day.

Baroclinicity itself is affected by both the vertical tem-
perature gradient (i.e., the static stability) and the horizontal 
temperature gradient. Many previous investigations (Lu et al. 
2007, 2009; Vallis et al. 2015; Son et al. 2018; Chemke and 
Polvani 2019) suggest that increasing static stability asso-
ciated with mean warming contributes to the expanding 
Hadley cell. However, sensitivity simulations show that the 
atmospheric warming over the deep tropics (Sun et al. 2013; 
Tandon et al. 2013; Watt-Meyer and Frierson 2019; Zhou 
et al. 2019) and polar region (Wu and Smith 2016; Butler 
et al. 2010) both contributes to an equatorward contraction 
of atmospheric circulation. Compared to other latitudes, the 
warming around the subtropical regions is found to contrib-
ute the most to the tropical expansion (Tandon et al. 2013; 
Shaw and Tan 2018). We propose that by reshaping the hori-
zontal temperature gradient, the enhanced subtropical ocean 
warming acts as an efficient mechanism for shifting of the 
mid-latitude baroclinicity and the atmospheric circulation. 
However, as we are unable to disentangle the effects of static 
stability from the horizontal temperature gradient, the rela-
tive importance of static stability in driving the circulation 
displacement still needs to be quantified in the future.

Systematic poleward shift of the circulation has broad 
manifestations, affecting the atmosphere, ocean, hydro-
sphere and biosphere (Scheff and Frierson 2012; Hu et al. 
2015; Heffernan 2016; Yang et al. 2020a; Franco et al. 
2020). Therefore, the displacement of the large-scale circu-
lation system is plausible to be identified by some regional 
climate changes. One particular case is the changes of the 
oceanic western boundary currents, where the climate 
change signal is amplified by the effect of ’western intensi-
fication’ (Stommel 1948). Modern long-term observations 
of the Gulf Stream (Frankignoul et al. 2001) and the Eastern 
Austrian Current (Ridgway 2007), show that these currents 
have undergone a considerable poleward shift for more than 
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half century (Wu et al. 2012; Yang et al. 2016b). This piece 
of evidence may imply that the circulation system has per-
haps already shifted. Satellite observations may not capture 
the full magnitude of the circulation shift due to their short 
temporal coverages. Paleo-climate proxy records reveal that 
the Kuroshio Current (Gray et al. 2020) and the Agulhas 
Current (Bard and Rickaby 2009) were a few hundred kilom-
eters closer to the equator during the ice age, hinting that the 
ongoing circulation movement is possible to develop further 
in the long-term future. Considering that the atmosphere and 
ocean circulation largely determines the regional climate and 
the spatial distribution of natural ecosystems, the ongoing 
shifting circulation may reshape the climate and ecological 
zones with profound natural and societal impacts.

5  Conclusions

The dynamics of poleward shift of the atmospheric and 
oceanic circulation is explored using several sets of aqua-
planet model simulations. We find that the direct CO

2
 

forcing plays a minor role in contributing the atmospheric 
circulation shift. In contrast, the induced ocean warming 
plays a dominant role in driving the atmospheric circula-
tion displacement. Under the CO

2
 induced radiative forcing, 

the background ocean Ekman transport convergence near 
the subtropical region generates an enhanced subtropical 
ocean surface warming. This enhanced subtropical warm-
ing, causes poleward displacement in the mid-latitude 
temperature gradient, forcing a corresponding shift in the 
atmospheric circulation (Fig.  8). The shift in the atmos-
pheric circulation, manifested with a poleward shift in the 
near-surface winds, in turn, drives a poleward shift in the 
ocean circulation. The changes in ocean circulation produce 
slightly warmer/cooler SST anomalies at the polar/equator 
flanks of the subtropical ocean, promoting a further minor 
shift in the atmospheric circulation. Overall, the changes in 
the ocean thermal condition drive the changes in the atmos-
pheric circulation, which in turn reshape the wind-driven 
ocean circulation. On the other hand, the feedback from the 
wind-driven ocean circulation change to the atmosphere cir-
culation is at best secondary.

Fig. 8  Schematic diagram showing how background ocean circula-
tion promotes an enhanced subtropical ocean warming and drives the 
shift in the atmospheric and oceanic circulation. The arrows illustrate 
the significant features of atmospheric (solid) and oceanic (dashed) 
circulation. From a climatological perspective, the maximum meridi-
onal temperature gradients (MTGs) locate at the subtropical to mid-
latitude regions. The position of MTGs determines the position of 
the atmosphere circulation, thus the position of the wind-driven 
ocean circulation. Under the forcing of increasing greenhouse gases, 
background Ekman transport convergence of surface water favours 

an enhanced subtropical ocean warming. This enhanced warming 
expands the low latitude warm water zones, pushes the mid-latitude 
MTGs towards higher latitudes, and thus forcing a poleward shift in 
the atmospheric circulation. The shift in the atmospheric circulation, 
manifested with a corresponding shift in the near-surface wind then 
forces a shift in the oceanic circulation. Systematic shift of atmos-
pheric and oceanic circulation redistributes the natural resources, 
such as water, vegetation, marine primary productivity, hence has 
broad implications for our societies
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